To help understand the environmental signals for flower-bud initiation, detached unrooted cladodes of the CAM species Opuntia ficus-indica were used, a model system whose gas exchange characteristics were also examined. The number of buds initiated for cladodes detached in the late summer was highest at day/night air temperatures of 15Њ/5ЊC. A long photoperiod of 14 h enhanced flower-bud initiation for 4 wk of vernalization at 15Њ/5ЊC compared with a photoperiod of 10 h, whereas both photoperiods had similar effects for 8 wk of vernalization. Flower-bud initiation did not depend on the net CO 2 uptake capability of the cladode, although bud development and survival did. During 12 wk of detachment, cladodes gained 20% in dry mass, reflecting a positive net CO 2 uptake despite no water uptake by the unrooted cladodes. Both net CO 2 uptake and water loss were maximal at 1 wk after detachment, CO 2 uptake decreasing by 48% at 4 wk, 87% at 8 wk, and 93% at 12 wk and transpiration by 43%, 62%, and 72%, respectively. The daily net CO 2 uptake during 12 wk of detachment averaged 92 mmol m Ϫ2 d Ϫ1 at 15Њ/5ЊC and 123 mmol m Ϫ2 d Ϫ1 at 25Њ/15ЊC. Daily net CO 2 uptake predicted by an environmental productivity index was in close agreement with the measured values, indicating that net CO 2 uptake for detached unrooted cladodes was similar to that of rooted plants under drought conditions.
Introduction
The relation between environmental factors and flower-bud initiation for species with their stem as the main photosynthetic tissue, such as for many succulent plants, is relatively unknown. For Opuntia ficus-indica, a widely distributed cactus of agronomic importance occurring in tropical, subtropical, and semiarid regions (Nobel 1994; Barbera 1995; Mizrahi et al. 1997) , flower buds, which become about half the length of mature fruits, emerge during the spring (Pimienta 1990; Gutterman 1995; Nerd and Mizrahi 1995b) . Photoperiod and/or low winter temperature may be the environmental signal for such bud initiation. In addition, initiation of flower buds depends on the dry mass per unit surface area of the cladodes (photosynthetic stem segments of an Opuntia), as buds do not normally develop unless the cladode dry mass exceeds the minimum dry mass observed for a cladode of that specific surface area by at least 33 g (Garcia de Cortá zar and Nobel 1992) . Nutrients can also affect bud initiation, since exposing plants to nitrogen fertilization (using ammonium nitrate) can increase the number of buds per plant (Nerd et al. 1993) .
Recently, detached unrooted cladodes have been used as a model system to examine environmental effects on bud initiation for O. ficus-indica (Nerd and Mizrahi 1995a; Nobel 1 Author for correspondence and reprints; fax 310-825-9433; e-mail psnobel@biology.ucla.edu.
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1996; Nobel and Castañ eda 1998) . Similar to rooted plants, bud initiation is seasonally dependent, as cladodes detached during the summer (June through August) produce fewer buds than those detached during the winter (January; Nobel 1996) . Furthermore, as for rooted plants, bud initiation on unrooted cladodes detached in the winter depends on temperature, with low temperatures promoting flower-bud initiation and higher temperatures promoting vegetative buds that lead to daughter cladodes (Nerd and Mizrahi 1995a; Nobel 1996) . However, whether low temperature facilitates flower-bud initiation on cladodes detached in the summer has not been tested. Similar to the case for rooted plants, the initiation of new buds on detached unrooted cladodes increases with increasing photosynthetic photon flux, which may relate to the increase of photosynthetic capability (Nobel and Castañ eda 1998) . However, unrooted cladodes lack an external water supply, so their daily CO 2 uptake may be limited by water, not by light (Nobel and Israel 1994) . Indeed, CO 2 uptake and growth have apparently not been previously examined for detached cladodes.
To test the hypothesis that photoperiod and low temperature both act as environmental signals for bud initiation of O. ficusindica, cladodes were detached from field plants during the summer, when bud initiation under natural conditions is low (Nobel and Castañ eda 1998) . Detached cladodes were exposed to different vernalization temperatures, and the initiation of vegetative and flower buds on the unrooted cladodes was monitored for 12 wk. After determining the optimal vernalization temperature, a second set of detached cladodes was exposed to different vernalization times and photoperiods, after which RAVEH & NOBEL-PHYSIOLOGY OF DETACHED CLADODES 93 the overall changes in water content and dry mass were also determined. To help interpret the observed gain in dry mass after detachment, other cladodes were used for measuring net CO 2 exchange and water loss over a 12-wk period. mean ‫ע‬ SE n ϭ 50 mediately after detachment, they had a water content of ( , cladodes), a finding based 93.6% ‫ע‬ 0.1% mean ‫ע‬ SE n ϭ 8 on drying randomly selected similar cladodes of known fresh mass in a forced draft oven at 75ЊC until no further mass change occurred (up to 14 d). The surface area (m 2 ) of both sides of a cladode was calculated using 1.54 # length (m) # (m) (Luo and Nobel 1993 . The average excess dry mass for a detached cladode, which is the difference between its estimated dry mass (based on its fresh mass and average percentage of water content) and the minimum dry mass for a cladode of that particular surface area, was 8 g, which is below the minimum of 33 g generally needed for initiation of flower or vegetative buds (Garcia de Cortá zar and Nobel 1992) .
Material and Methods

Plant Material
Treatment
To determine the optimal vernalization temperature, cladodes harvested from the field during the late summer (September 2, 1996) were placed vertically (supported by wires) for 12 wk in Conviron E-15 environmental chambers (Controlled Environment, Asheville, N.C.). Day/night air temperatures were 10Њ/0ЊC, 15Њ/5ЊC, 20Њ/10ЊC, or 27Њ/16ЊC. The photoperiod was 12 h, and the photosynthetic photon flux (PPF) (400-700 nm; determined with a LI-Cor LI-190S quantum sensor, Lincoln, Neb.) in a horizontal plane at plant height was 463 mmol m Ϫ2 s Ϫ1 (total daily PPF of 20 mol m Ϫ2 d
Ϫ1
; 90% provided by cool-white fluorescent lamps, 10% by incandescent lamps). The PPF on the vertical surfaces of the cladodes averaged 45% of that in the horizontal plane. Bud initiation was monitored weekly; bud mortality and bud length were determined at 12 wk after detachment.
The effects of vernalization time and photoperiod were examined for cladodes detached during the early summer (July 10, 1997) and exposed to vernalization times of 0 (control), 4, or 8 wk at 15Њ/5ЊC. The short-day photoperiod was 10 h with a PPF of 555 mmol
, and the long-day photoperiod was 14 h, for which the PPF was 10 h at 555 mmol m Ϫ2 s Ϫ1 with an additional 2 h of low PPF (!10 mmol m Ϫ2 s
; provided by incandescent lamps) at both the beginning and the end of the dark period (at 5ЊC). After each vernalization treatment, the detached cladodes were transferred to a 12-h photoperiod with a PPF of 463 mmol m Ϫ2 s
(again 20 mol m Ϫ2 d
) and day/night air temperatures of 25Њ/ 15ЊC. Bud initiation, mortality, and length were determined as above. The dry mass of the cladodes (including their buds) was also determined at 12 wk.
To help understand the observed changes in dry and fresh mass after detachment, net CO 2 uptake and water loss were examined for unrooted cladodes detached on January 18, 1998, and maintained in environmental chambers at 15Њ/5ЊC or 25Њ/15ЊC. The photoperiod was 12 h with a PPF in a hor-
). To increase the PPF intercepted by one surface and to decrease its variation across that surface, the cladodes used for CO 2 measurement were tilted by 45Њ; the PPF on the upper surface of the tilted cladodes averaged 89% of that in the horizontal plane. Daily net CO 2 exchange and water loss were measured after 1, 4, 8, and 12 wk. CO 2 exchange was determined over 24-h periods with a Li-Cor LI-6200 photosynthesis system; the standard LiCor 250-cm 3 leaf chamber was modified by replacing the distal half cylinder with a narrower opening ( cm) that was 1 # 4 fitted with a foam-rubber gasket that formed a seal when the chamber was firmly pressed against a cladode. Water loss was based on the mean daily fresh mass changes of a cladode. To avoid differences in sink strength between the treatments, newly initiated buds were removed immediately after appearance.
Significant differences between treatments were tested by ANOVA and Student's t-test, using StatView 4.53 for Windows (Abacus Concepts, Berkeley). Data are presented as ( of cladodes or flower buds). means ‫ע‬ SE n ϭ number
Results
Vernalization induced flower-bud initiation on unrooted cladodes of Opuntia ficus-indica detached in the late summer ( fig. 1 ). Flower-bud initiation was totally inhibited at day/night air temperatures of 10Њ/0ЊC or 27Њ/16ЊC and was maximal at 15Њ/5ЊC. At 12 wk, eight buds averaging mm in 14.3 ‫ע‬ 5.6 length (out of the 24 initiated) survived at 15Њ/5ЊC, and nine buds averaging mm in length (out of the 20 ini-35.1 ‫ע‬ 6.0 tiated) survived at 20Њ/10ЊC. Thus, at the higher of these two temperatures, bud survival was 35% greater ( ), and P 1 0.05 bud length was 150% greater ( ). P ! 0.05 Vernalization also induced flower-bud initiation on unrooted cladodes of O. ficus-indica detached in the early summer ( fig. 2) . New buds appeared 3-4 wk after detachment, and initiation was maximal for 8 wk of vernalization with a short-day (10 h) photoperiod and 4 or 8 wk of vernalization with a long-day (14 h) photoperiod ( fig. 2) ( ). At 12 P ! 0.05 wk for cladodes exposed to the 4 wk of vernalization, five buds averaging mm in length survived for the short-10.4 ‫ע‬ 0.7 day treatment, and nine buds averaging mm in 7.2 ‫ע‬ 1.2 length survived for the long-day treatment. For the 8 wk of vernalization, six buds averaging mm in length sur-3.1 ‫ע‬ 0.4 vived for the short-day photoperiod, and nine buds averaging mm in length survived for the long-day photoperiod 2.9 ‫ע‬ 0.5 ( fig. 2) . Thus, for the 4 wk of vernalization, which had a longer fig. 2) .
The dry mass of unrooted cladodes increased by 15%-28% during 12 wk following detachment in the early summer (table 1). The dry mass gain was 1.5 times higher for the control (25Њ/15ЊC) than for 4 or 8 wk of vernalization ( ); de-P ! 0.05 tached cladodes with a 14-h photoperiod had 34% more dry mass gain than those with a 10-h photoperiod ( ). The P ! 0.05 excess dry mass after 12 wk was g for the control, 22 ‫ע‬ 2 g for 4 wk of vernalization, and g for 8 wk of 19 ‫ע‬ 1 17 ‫ע‬ 2 vernalization ( for to 18 cladodes). The inmean ‫ע‬ SE n ϭ 9 crease in dry mass was accompanied by a water loss that was greatest for the control, 8% lower for 4 wk of vernalization ( ), and 31% lower for 8 wk of vernalization ( P 1 0.05 P ! ). The cladode percentage water content at 12 wk was 0.05 lowest for the control, 1.1% higher for 4 wk of vernalization, and 2.0% higher for 8 wk of vernalization ( ).
Unrooted cladodes detached in the winter and maintained at 25Њ/15ЊC had positive nighttime net CO 2 uptake during 8 wk of detachment ( fig. 3) . The maximal net CO 2 uptake rate was highest at 1 wk, decreasing 33% at 4 wk, when it occurred 2 h later in the night, and decreasing 80% at 8 wk, when it occurred 6 h later in the night ( ; fig. 3 ). Daily net CO 2 P ! 0.05 uptake (obtained by integrating the instantaneous values) at 25Њ/15ЊC was highest at 1 wk after detachment, decreasing 48% at 4 wk ( ), 88% at 8 wk, and 95% at 12 wk P ! 0.05 ( ; fig. 4a ). Daily net CO 2 uptake at 15Њ/5ЊC was 28% P ! 0.01 lower than at 25Њ/15ЊC at 1 wk after detachment and similarly decreased by 48% in 4 wk, 86% at 8 wk, and 91% at 12 wk ( ; fig. 4a ). Daily water loss at 25Њ/15ЊC was 150% P ! 0.01 higher than at 15Њ/5ЊC at 1 wk after detachment ( ); P ! 0.001 for both temperatures water loss decreased an average of 43% at 4 wk, 62% at 8 wk, and 72% at 12 wk ( ; fig. 4b ). P ! 0.01 Fig. 3 Net CO 2 uptake over 24-h periods for unrooted cladodes of Opuntia ficus-indica detached on January 18, 1998. Day/night air temperatures were 25Њ/15ЊC, and the photoperiod was 12 h. Measurements were made at 1 wk (squares), 4 wk (triangles), and 8 wk (circles) after detachment. Data are ( cladodes). means ‫ע‬ SE n ϭ 6 Fig. 4 The effect of day/night air temperatures over 12 wk on daily net CO 2 uptake (a) and water loss (b) for unrooted cladodes of Opuntia ficus-indica detached on January 18, 1998. The temperatures were 25Њ/15ЊC (squares) and 15Њ/5ЊC (triangles), and the photoperiod was 12 h. Data are ( cladodes). means ‫ע‬ SE n ϭ 6
Discussion
Exposing cladodes of Opuntia ficus-indica detached in the summer to vernalization temperatures induced flower buds. The optimal day/night vernalization temperatures were near 15Њ/5ЊC, which are relatively high (Van Overbeek and Cruzado 1948) . For cereals, vernalization temperatures range from 1Њ to 10ЊC (Crofts 1989; Fowler et al. 1996) . The relatively high optimal vernalization temperature for O. ficus-indica may relate to its geographical distribution, which is limited to warm regions with mean daily temperatures above 5ЊC (Benson 1982; Nobel 1995) . Bud initiation was totally inhibited at 10Њ/ 0ЊC, which may relate to inhibition of other metabolic reactions in the plant rather than to the lack of a vernalization signal (Paul et al. 1991) . The vernalization time that induced bud initiation for O. ficus-indica was 4-8 wk, which is within the range for other species (Gardner and Barnett 1990) .
Bud initiation on cladodes exposed to 4 wk of vernalization was enhanced when combined with a long photoperiod of 14 h compared with one of 10 h. The gain in dry mass was also larger for the longer photoperiod. However, neither enhancement resulted from increases of daily PPF because the additional 4 h of the long photoperiod was with a PPF that was below light compensation for this species (Nobel and Hartsock 1983) . Long photoperiods are not essential for bud initiation because, with 8 wk of vernalization, bud number was about the same for photoperiods of 10 and 14 h. In a related approach, exposure of detached cladodes to 18-h compared with 10-h photoperiods for 3 wk during the winter did not affect the accumulated fruit number at the end of the summer (Gutterman 1995) .
Bud appearance on unrooted cladodes detached in the summer began 2-4 wk after detachment, although final bud number per cladode was relatively low, e.g., ca. two buds compared with four to nine buds per cladode in other studies (Nerd and Mizrahi 1995a; Nobel 1996; Nobel and Castañ eda 1998) . This may relate in part to the low excess dry mass of the cladodes used, which was below the minimum limit for usual production of vegetative or flower buds (Garcia de Cortá zar and Nobel 1992) . However, maximal bud initiation occurred for the longer vernalization time, where final excess dry mass was the lowest. The low bud productivity may also relate to the age and/or fertilization history of the plants used as a source for the detached cladodes, which can markedly affect bud initiation for O. ficus-indica (Nerd and Mizrahi 1995b) .
During the 12 wk following detachment and without any external supply of water, the cladodes dry mass increased by 20%. As is the case for rooted plants, dry mass gain for detached cladodes was higher at 25Њ/15ЊC than at 15Њ/5ЊC (Nobel 1988) . Thus, the optimal temperature for bud initiation by O. ficus-indica is lower than for net CO 2 uptake and, hence, growth. Similar responses occur for cauliflower, for which flower-bud initiation is promoted by temperatures suboptimal for growth (Williams and Atherton 1990) . Although initiation of flower buds for O. ficus-indica was not correlated with the photosynthetic capability of the cladodes, flower-bud development and survival are consistent with results for vegetative buds (Luo and Nobel 1993) .
Assuming that 30 g of dry matter accumulated per mol of CO 2 fixed (Cui et al. 1993) , the dry mass gain can be converted to net CO 2 uptake. The average daily net CO 2 uptake necessary ; Hartsock 1983, 1984; Nobel and Israel 1994; Nobel 1995) . The average daily net CO 2 uptake can also be predicted based on an environmental productivity index (EPI), which has been used to predict the effect of temperature, light, and water status on net CO 2 uptake over 24-h periods for rooted plants of O. ficus-indica and other species (Nobel 1988 ; EPI ϭ temperature index # index). Values of component indices of light index # water EPI range from 0.00 when that environmental factor completely inhibits net CO 2 uptake to 1.00 for the optimal condition of that factor. Under growth conditions of 25Њ/15ЊC and a PPF of 9 mol m Ϫ2 d
Ϫ1
, the temperature index for O. ficusindica is 1.00, and the light index is 0.34 Hartsock 1983, 1984) . The water index of rooted plants under drought, which is 1.00 during the first week, decreases to 0.00 at 7 wk (Nobel and Hartsock 1986; Nobel and Israel 1994) (Nobel 1995) . The daily transpiration rates, which were lower at the lower day/night air temperatures, were also similar to those of rooted plants (Cui and Nobel 1993) . Because the water-vapor conductance of O. ficus-indica decreases with increasing temperature (Nobel and Hartsock 1984) , the temperature effect on the transpiration of detached cladodes was dominated by the water vapor concentration drop from cladodes to the air.
In summary, vernalization induced flower-bud initiation for detached cladodes of O. ficus-indica, whose gas exchange responded to environmental conditions similarly to that of rooted plants under drought. In particular, CO 2 was taken up, and the dry mass increased during 12 wk of detachment in a manner that is consistent with data for rooted plants under drought. However, bud initiation was not directly related to the photosynthetic capability of the cladodes. In any case, detached cladodes can provide a model system for determining the mechanism for bud initiation and the responses to various environmental conditions, especially because flower buds can be induced year-round by vernalization treatments.
